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INTRODUCTION 

In preparation for the field study to determine the adequacy of hearing 
protection for use with the M198, 155mn howitzer, a special purpose, multi- 
channel audiometer was developed. The development of the audiometer was 
initiated in December 1976 in preparation for a "quick fix" for the Ml98 
blast overpressure problem. Between 1976 and 1980, there were numerous de- 
lays in executing the "quick fix." During this time, the original audiometer 
was constructed and the system underwent several modifications which altered 
its final capabilities. This report documents the development of the audio- 
meter and its calibration. 

The design characteristics of the special purpose audiometer were 
determined primarily by the operational requirement to measure auditory 
thresholds (audiograms) before and after exposure to weapons noise in a 
field setting. These audiograms had to be determined quickly, accurately, 
and reliably with minimally trained volunteers. 

A modified Von Bekesy tracking procedure (Von Bekesy, 1947) was selected 
for this purpose. The procedure was based on testing discrete frequencies 
for a fixed length of time. This would permit the calculation of time between 
the noise exposure and the testing of each frequency. The system had to have 
a wide dynamic range to be capable of determining thresholds which were 20 to 
30 dB better than normal and thresholds which were temporarily elevated well 
above normal. The original design requirement for six people to be tested 
simultaneously was later reduced to four people. In addition, noise excluding 
headphones were required to permit audiometric testing under adverse environ- 
mental noise conditions. 

With these design characteristics established, a search for a commercially 
available unit was undertaken. None could be found which met all requirements. 
In-house development then was initiated utilizing available audio components to 
the maximum extent possible. The requirement for six channels, fixed time of 
testing each frequency, and use by minimally-trained individuals suggested 
that a microprocessor control system with digitally controlled attenuators 
and data collection capability would be most suitable. This also established 
the possibility of automatic data transfers to desk top calculators for rapid 
data analysis. T-his latter capability was added after the initial system 
fabrication. No satisfactory noise-excluding headphones could be identified 
which would yield acceptable noise reduction at the subject's ear. Therefore, 
standard audiometric headphones were mounted in good hearing protective ear- 
muffs to meet this requirement. 

An attempt was made during the development process to maintain maximum 
flexibility of the microprocessor control over the hardware components of the 
system. This flexibility was accomplished by insuring the system's ability 
to be modified by changing software. Various audiometric and analysis 
procedures could be implemented without a requirement for direct engineering 
support. 
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Once the system was fabricated, it was subjected to a series of comparison 
tests in the laboratory and in the USAARL Mobile Audiometric Test Trailer to 
determine its performance as compared to a high quality clinical audiometer. 
Since the headphones could not be calibrated by standard methods (due to the 
nonstandard mounting), a biological calibration factor was developed and vali- 
dated by these comparison tests. 

METHODS AND MATERIALS 

A block diagram of the multichannel microprocessor controlled audiometer 
is shown in Figure 1. The system is comprised of two parts; (1) stimulus 
generation, and (2) control and data processing. Each channel of the audio- 
meter includes a programmable attenuator, step attenuator, l-watt power 
amplifier, earphones. and response switch. These items are shown on the 
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FIGURE 1. Block Diagram of Multichannel, 
Microprocessor Controlled Audiometer (MCA). 
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block diagram for a single channel. The remainder of the components are 
comnon to all channels. The system utilizes a hex keyboard for the operator 
to enter data or control the audiometer. The audiometer is designed for 
6-channel operation; however, the USAARL mobile audiometric trailer limits 
the system to four channels. 

The frequency synthesizer is controlled by the microprocessor to produce 
the stimuli for the audiometer. The frequency, order of frequency, and 
number of frequencies are stored in memory and may be modified. The 
frequencies presently used range from 500 Hz to 8 kHz with a presentation 
order of ZK, 4K, 6K, 3K, 8K, ZK, lK, and 500 Hz. The test signal produced 
by the synthesizer is input to the electronic switch where it is pulsed with 
a microprocessor-controlled period of 350 ms. The electronic switch is 
adjusted to provide a 25 ms rise and fall time gate on the stimuli to 
eliminate audible clicks. The output of the electronic switch is input to 
the progratmnable attenuator of each channel. 

Each programmable attenuator is capable of controlling the stimulus level 
over a range of 128 dB in 0.5 dB increments. An increment of 2 dB was con- 
sidered adequate for the threshold determination accuracy required for weapons 
field studies. The attenuator is a binary weighted system where the 2n result 
is the attenuation in dB. A 6-bit up/down counter, with the stages of the 
counter attached to corresponding stages of the attenuator, is used to control 
the attenuator setting. The up/down control of the counter is directly 
related to the subject response switch. If the subject hears the tone 
and presses the switch, then the up/down control is set for up count and 
when the clock pulse is received from the microprocessor the attenuator 
increases its attenuation by 2 dB. The up/down counter may be preset to any 
value by the microprocessor. The state of the up/down counter is capable 
of being read by the microprocessor. 

After output from the programnable attenuator, the signal is amplified 
by the l-watt amplifier, then passes through the 10 ohm step attenuator to 
the Telephonics* TDH-49 earphones which are worn by the test subject. The 
step attenuator may be adjusted over a range of 100 dB in 5 dB increments. In 
this application the step attenuator is used to decrease the system noise level 
at the earphones , and also to provide the experimenter with a means of checking 
listener reliability. Figure 2 shows the completely assembled audiometer rack, 
mounted and ready for use. 

The threshold determination procedure uses the tracking method (Von 
Bekesy, 1947). The threshold determination for a particular frequency con- 
sists of four segments. The first segment provides the listener with two 
pulses of the stimulus at a level approximately 40 dB above hearing threshold. 
This alerts the listener that a test trial is beginning and provides him with 
a cue as to the sound of the stimulus. The second segment is the beginning of 

*See Appendix A 

. 
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FIGURE 2. Photograph of Microprocessor Controlled Audiometer 
System. 
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the threshold tracking task. The level of the stimulus begins at approximately 
10 dB Hearing Threshold Level (HTL) and is controlled by the listener through 
the hand switch. This segment presents 16 tone pulses (approximately 5;6 set) 
to allow the listener to converge to his threshold before data are collected. 
The third segment, consisting of 48 pulses (16.8 set), involves the 
collection of threshold data. Each time the response switch state changes 
during the tracking process the attenuator value is read and stored by the 
microprocessor. The fourth segment is the development of the mean attenuator 
value which is translated into HTL and printed. This process is completed 
for all frequencies and for both the left and right ears. 

Data are output to either the Datel* printer or the Hewlett-Packard* 
HP-85 computer. If the printer is used, prior to each test frequency the 
subject's identification number, the date, the test frequency, and the start 
time for that test frequency are printed. During the test each time the micro- 
processor detects a change of state for the subjects response switch, the value 
of the programnable attenuator (corrected for HTL) is printed. After the test 
frequency is completed, the total number of switch state changes and the mean 
attenuator value (corrected for HTL) are printed. If the HP-85 is used, the 
programmable attenuator value at switch state change time is displayed on the 
CRT at the end of the test frequency. When the subject has completed the 
entire audiogram, all data may be stored on cassette tape for later analysis. 

The headsets used in this application were designed and built using 
"off-the-shelf" components of proven quality (Figure 3). The transducers 
were matched pairs of TDH-49 earphones purchased specifically for this 
project. They were enclosed in earmuffs obtained through the federal supply 
system (National Stock Number 4240-00-759-3290). Installation of the ear- 
phones was accomplished by drilling l/4" holes through the walls of the 
earcups. Rubber gromnets were inserted and Belden* 8411 coaxial. cable was 
passed through the gromets to the TDH-49 earphones. The opposite ends of 
the cable were terminated with a standard stereo phone jack. The cables were 
approximately 6 feet long to allow mobility for the earphone wearer. 

The original foam material from inside the earcups was removed and used 
as a pattern to cut new inserts to go in the cups. The new inserts were made 
from 3/4" thick open cell foam polyester with a specific density of 2.25 + 0.5 
lbs/cu ft. 

The earphones were centered in the earcups and held in place with 
specially-built retainers made of Plexiglas. The retainers were backed 
with a very thin sheet of polyester foam to prevent direct contact with the 
earphones. The earphones and retainers were covered with a 3/8" sheet of 
open cell polyester foam. The original ear seals were used, as were the 
suspension systems and head cushions. 

Right and left earphones were connected to the stereo phone jack in 
a predetermined fashion and labeled by placing tape on the right CUP to 
ensure that the subjects always placed the 
correct ear. Figure 4 shows the assembled 
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FIGURE 3. Components of the Audiometric Headsets. 

Acoustic calibration of the headsets was accomplished using a Bruel and 
Kjaer (B&K)* type 4153 artificial ear fitted with a flat plate adapter. A 
B&K type 4134 microphone was used with the coupler and a type 2619 preamplifier 
connected to a model 227 multiplexer amplifier. The sound pressure levels were 
read on a B&K Model 2606 measuring amplifier with external filter type 1618. 
The measurement system was calibrated with a B&K type 4220 piston phone prior 
to the calibration of the headsets. The headphone acoustic calibration was 
accomplished by setting the audiometer to provide an output of 67.5 dB SPl_ 
at 1000 Hz measured at the right earphone. The output at all test frequencies 
was measured at both earphones with this attenuator setting held constant. 

Since the nonstandard mountings of the headphones precluded calibration 
by standard methods, a biological calibration was performed. This was done 
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FIGURE 4. Assembled Audiometric Headset. 

in two phases. First, the threshold was measured on a group of four 
listeners (Group 1) using a Grason-Stadler* 1701 audiometer and the new 
audiometer. These listeners were not screened for normal hearing (some 
did have a high frequency hearing loss.) The GS-1701 audiometer was cali- 
brated to the manufacturer's specifications in accordance with American 
National Standards Institute (ANSI) S3.6 (1969). 

Audiograms were repeated five times for each listener on each system. The 
new audiometer thresholds were in values of attenuation. This first phase was 
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used to derive a conversion table which was incorporated in the microprocessor 
program to convert these threshold attenuation values to estimates of Hearing 
Threshold Level (HTL). The second phase of biological calibration involved 
the comparison of HTLs measured on the Grason-Stadler 1701 and on the new audio- 
meter. This comparison was accomplished in the USAARL mobile audiometric 
trailer. 

Ten listeners (Group 2) produced three audiograms each on each audiometer. 
These listeners were selected for normal hearing in accordance with ANSI S3.19 
(1974). Three of these listeners produced six additional audiograms for a 
total of nine audiograms on each audiometer. Table 1 contains the ambient 
noise levels in the-laboratory audiometric room and in the mobile audiometric 
facility used for the biological calibrations. 

TABLE 1 

AMBIENT NOISE OCTAVE BAND LEVELS (dB SPL) IN THREE AUDIOMETRIC ROOMS 
USED FOR BIOLOGICAL CALIBRATION OF MCA HEADPHONES 

Octave Band 
Center in 

Hertz 
Mobile 
Room 1 

Mobile 
Room 2 

Laboratory 
Room 

31.5 

1;: 
250 
500 

:I: 
4K 

1:; 

;6” 
21 
14 

5" 
6 

: 
14 

32 
30 
11 

!- 

; 

; 
9 

I 

RESULTS AND DISCUSSION 

Table 2 contains the estimated Sound Pressure Levels (SPL) at HTL of zero, 
as derived from the initial biological calibration and the flat plate calibra- 
tion. For comparison, the SPL values at audiometric zero provided by Grason- 
Stadler (1971) are included also. The sound pressure levels of the MCA head- 
phones agree with the reference levels of the Grason-Stadler 1701 except at 
8.0 kHz. 
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TABLE 2 

SOUND PRESSURE LEVEL IN dB SPL AT 0 dB HTL FOR FOUR CHANNELS OF THE 
USAARL MICROPROCESSOR CONTROLLED AUDIOMETER (MCA) 

Frequency in kHz 
Right Ear Left Ear 

.5 1.0 2.0 3.0 4.0 6.0 8.0 .5 1.0 2.0 3.0 4.0 6.0 8.0 

GS 1701 Calibration 
sPL* 

MCA Channel 1 

MCA Channel 2 

MCA Channel 3 

MCA Channel 4 

13.5 7.5 11.0 9.5 10.5 13.5 13.0 13.5 7.5 11.0 9.5 10.5 13.5 13.0 

12.1 8.5 10.4 8.8 7.5 13.3 19.1 11.2 6.4 10.6 9.5 9.0 12.6 18.4 

14.9 8.5 10.1 9.3 9.1 12.9 22.0 16 9.9 10.3 7.8 6.2 13.7 19.7 

15.7 8.5 9.9 8.8 8.9 13.4 20.9 14.6 8.9 10.9 9.1 9.5 14.3 22.4 

14.7 8.5 11.6 11.1 12.3 15.0 23.8 13.9 7.9 11.4 9.5 8.3 14.5 21.7 

c1 
c1 

cSource: Grason-Stadler, a GR Company. 1971. 1701 Audiometer Instruction Mbrnda~. Concord, Massachusetts: Grason-Stadler 
Company, Inc. 
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TABLE 3 

MEAN AND STANDARD DEVIATION OF HEARING THRESHOLDS IN dB HTL DETERMINED USING A GRASON-STADLER 1701 
AUDIOMETER AND THE USAARL MICROPROCESSOR CONTROLLED AUDIOMETER (MCA)* 

SYSTEM 

Frequency in kHz 
Right Ear Left Ear 

.5 1.0 2.0 3.0 4.0 6.0 8.0 .5 1.0 2.0 3.0 4.0 6.0 8.0 

GS 1701 1; l . 4:; :?I -?f -1 7 1‘ 7.0 . 5:3 z9 7.9 ;:: 4:; 6:: ::: ;:: ::: 1;:; ::"6 

MCA Mean ;:; 6:: -:*: -4.3 -2.0 S.D. . 6.8 5.0 5:: ;*: 5:; 7:: ii:; -3.8 . 4.9 ,:i !:S i:f 

*Based on 10 listeners (Group 2) repeated 3 times each on each system. 



TABLE 4 

STANDARD DEVIATIONS AND RANGE OF HEARING THRESHOLDS IN dB HTL FOR SEVEN LISTENERS DETERMINED USING A GRASON-STAOLER 
1701 AND THE USAARL MICROPROCESSOR CONTROLLED AUDIOMETER (MCA) 

Frequency in kHz 
Right Ear Left Ear 

LISTENER SYSTEM .5 1.0 2.0 3.0 4.0 6.0 8.0 .5 1.0 2.0 3.0 4.0 6.0 8.0 

WN* GS 1701 

MCA 

RM* GS 1701 

MCA 

c1 
P BM* GS 1701 

MCA 

JP* GS 1701 

MCA 

S.O. 1.5 
Range 3.0 

S.O. 1.7 
Range 4.0 

S.O. 
Range ::: 

S.O. 4.1 
Range 10.0 

S.O. 
Range :::, 

S-0. 2.1 
Range 5.0 

S.O. .9 
Range 2.0 

S.O. 
Range ::: 

2.9 
8.0 

2.6 
7.0 

2.6 
7.0 

2.1 
5.0 

2:; 

2:; 

::; 

2.2 
5.0 

5:; 

2.2 
5.0 

::X 

5:: 

1.9 
5.0 

Zl 

2.2 
5.0 

3.3 
8.0 

;:: 

1.3 
3.0 

;:; 

2.8 5.8 2.5 
6.0 16.0 6.0 

2.2 2.6 5.0 6.0 2:; 

5:: 1::; ;:"o 

::: ::% ::: 

;:: 2.2 5.0 2.2 6.0 

5:: :?I ::: 

;:: 1;:: ;:: 

5:; lzl 5:: 

i:o” 
1.6 
4.0 

Kl 

;:: 

2.8 
6.0 

2.1 
5.0 

;:: 

2:: 

::; 

2:: 

::: 

;:'o 

5:: 

2.5 
6.0 

;:; 

;:; 

::: f:i 2.3 5.0 28.0 11.0 

::; ::z 3.0 1.3 5:: 

::: 14.0 6.1 3.7 9.0 16.0 7.4 

20 
::; 5:o ::I: 1::; 

2.2 4.3 4.8 4.4 
6.0 11.0 11.0 11.0 

::: ::; ;:: ;::, 

;:; ::: 5:: ::: 

5:; ::: ::: 9:; 

*Testing was conducted using Group 1 listeners 5 times each. TABLE CONTINUED 
**Testing was conducted using Group 2 listeners 9 times each. ON NEXT PAGE 
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TABLE 4 (CONTINUED) 

Frequency in kHz 
Right Ear Left Ear 

LISTENER SYSTEM .5 1.0 2.0 3.0 4.0 6.0 8.0 .5 1.0 2.0 3.0 4.0 6.0 8.0 

SE** GS 1701 S.D. 
;:: ::: 5:: ::: ::: 1::: 1::; 1::: ;:: ;:: 2::; ;:: 1;:: 

25 
Range 7:4 

MCA S.D. 
Range 5:: 5:; 5:; ::"o 

2.3 
6.0 1;:: 1::: 5:: ::: ;:; 5:; 5:: 5:: ;:: 

LP** GS 1701 S.D. 5.4 19 Range 17.6 ;:: ;:: 5:6 5:: 3.1 1::: 9.2 1;:: 1::: 7:: I?: Z 1::: 1::: 

MCA S.D. .7 Range 2.0 ::; 72:: ;:: ;:; 5:: ::: ;:; 5:: 11:; 5:; f:i :?I ::: 

SH** GS 1701 S.D. 6.9 2.4 4.2 5.7 5.3 4.3 4.4 Range 21.0 7.1 13.0 17.5 15.3 14.9 12.7 1;:: 1::: 2.9 2.5 ::7" 4.1 7.7 6.4 11.0 ;:: 

MCA L&e 4.0 2.4 4.4 2.4 2.9 ::: 2.4 1.1 1.5 ::: ::: 1 0 1 9 2.0 
11.0 8.0 12.0 6.0 9.0 7.0 4.0 5.0 3:0 5:0 6.0 

* Testing was conducted using Group 1 listeners 5 times each. 
* Testing was conducted using Group 2 listeners 9 times each. 




